The main aim of this study is the calculation of acid dissociation constants of the products of cisplatin reaction with the amino acids cysteine and methionine. In the first step, a suitable procedure for the calculation of solvation Gibbs free energies is found, based on the comparison of the calculated and experimental pK a s of both amino acids and simple platinum complexes. The resulting approach combines the DFT/B3LYP density functional, 6-311+ +G͑2df ,2pd͒ basis set, the D-PCM formulation of the continuum solvation model, and modified UAHF cavities. Since the main area of applicability of the UAHF model is solvation of organic molecules, a minor modification of the UAHF algorithm was necessary to improve the accuracy when applying it to the transition metal complexes. Instead of the integer ͑or semi-integer͒ formal charges used in the original formulation, more realistic partial charges obtained from the electronic density using the NPA procedure are used to generate molecular cavity. All other parameters of the model remain unchanged. This simple modification of the UAHF model works markedly better than the original formulation. The root mean square error of calculated pK a s over a set of molecules including zwitterions and divalent diaquaplatinum cation is equal to 0.74. In the second step, pK a s of platinum amino-acid complexes with the total charge ranging from 0e to 2e were computed. It was found that the pK a s of all ionizable groups of both amino acids are highly variable among the complexes studied. They range from Ϫ5 ͑in complexes containing protonated thiol or carboxyl groups directly bonded to platinum͒ to 14 ͑in monodentate complexes containing a positively charged amino group, which is stabilized by intramolecular hydrogen bonds͒.
I. INTRODUCTION
Knowledge of acid dissociation constants is essential for understanding the aqueous phase chemistry of the majority of biologically important molecules. A theoretical prediction of these constants usually makes use of two model reactions. In the first one, pK a is calculated from the standard Gibbs free energy of the reaction
AH A
− + H + , ͑1͒
using the equation
where ⌬G ‫ء0‬ is calculated according to the relation ⌬G ‫ء0‬ = ⌬G gas + ⌬G solv ‫ء‬ ͑A − ͒ + ⌬G solv ‫ء‬ ͑H + ͒ − ⌬G solv ‫ء‬ ͑AH͒.
͑3͒
In Eq. ͑3͒, ⌬G gas is the gas phase standard Gibbs free energy where the standard state is defined by the temperature T = 298.15 K and concentration of all species equal to 1 mol/l. The solvation Gibbs free energy ⌬G solv ‫ء‬ is defined according to Ben-Naim. 1 The Gibbs free energy of the H + ideal gas is calculated using the Sackur-Tetrode equation and its ⌬G solv ‫ء‬ is typically obtained either from experimental data or by fitting to experimental pK a s. Probably the most reliable experimental value of the standard solvation Gibbs free energy of H + was determined by Tissandier et al. 2 from the cluster-ion solvation data and is equal to Ϫ265.9 kcal/mol ͑assuming the standard state where the ͓H + ͔ concentration is equal to 1 mol/l in both the gas and condensed phase͒, which considerably differs from the majority of the data reported earlier. The experimental uncertainty in ⌬G solv ‫ء‬ ͑H + ͒ represents a strong argument for use of the fitting procedure, since values of the experimental ⌬G solv ‫ء‬ of other ions are usually connected to ⌬G solv ‫ء‬ ͑H + ͒ ͑see Ref. 3͒ and the use of the new experimental value could lead to inconsistent results in combination with solvation models parametrized using older experimental data.
When the fitting procedure is used, Eq. ͑2͒ can be written in a more general form, pK a = a͑⌬G ‫ء0‬ ͒ + b. ͑4͒
Here ⌬G solv ‫ء‬ ͑H + ͒ of H + is excluded from ⌬G ‫ء0‬ defined in Eq. ͑3͒ and considered in the constant b instead. In several studies which were devoted to the calculation of pK a s and used some variant of Eq. ͑4͒, a good correlation between experimental pK a s and calculated ⌬G ‫ء0‬ was found, nevertheless, a͒ Author to whom correspondence should be addressed. values of the constant a obtained by the fitting procedure were equal only to 0.5-0.7 multiple of the theoretical value. [4] [5] [6] [7] This deviation clearly points to the deficiency of the solvation models which were used. As shown in the studies of Kelly et al. 7 and Adam, 8 the value of the constant a often improves when explicit water molecules are included in the so called cluster-continuum approach. This result suggests that implicit solvation models are unable in the present form to describe with sufficient accuracy the effects of the short range interaction with solvent molecules-especially the hydrogen bonding between a solvent and strongly polarized or ionic systems. 5, 7 Whereas the cluster-continuum model is an appealing alternative for small molecules, it becomes computationally too demanding for larger flexible molecules with several highly polarized sites. As for the platinum-amino acid complexes examined in this study, more than one explicit water molecule would be required to correctly describe the solvation of several acidic and highly charged sites. Such an approach would hardly be feasible for the large set of molecules examined in this paper. Therefore, in this work we concentrate only on continuum models without explicit solvent molecules.
One of the most important parameters of implicit solvation models is the solute cavity. Its careful parametrization with respect to the surrounding environment and charge density could possibly account for a significant part of the short range effects without the use of explicit water molecules. 9, 10 In the studies mentioned previously in connection with the fitting constant a, various cavities were used, but none of them was explicitly dependent on the partial charge of an enclosed site. Cavities in the studies of Eckert et al. 6 and Kelly et al. 7 were constructed using constant sphere radii, which depends on an atomic type. In the study of Chipman, 5 the cavity was constructed using the electron isodensity surface, which makes the cavity implicitly charge dependent. The cavity used in Ref. 4 was built up from spheres, whose radii were optimized for each chemical group separately. Nevertheless, the optimization was done only for neutral molecules and not for ions. To illustrate that the assumption that the sphere radius is dependent on the partial charge of an enclosed site is not an unreasonable one, let us consider the simple example of water dimers. 13 Similarly, in solvation models which allow the atomic sphere radii to be charge dependent, the spheres are smaller for both cations and anions. 9, 14 However, the previously mentioned solvation model, which uses the electronic isodensity surface to define the solute cavity, behaves differently, as the cavities of anions are generally bigger than the cavities around neutral molecules due to the more diffuse electronic density of anions. Notice that when atomic radii are kept constant ͑in-dependent of the atomic charge͒, effective reduction in the cavity volume occurs if an explicit solvent molecule is included. This can be seen in our example if we assume that the neutral water molecule represents the explicit solvent. In contrast with the cavity of the single water molecule ͑which does not consider the dependence of the cavity on the number of protons in its vicinity͒, the cavities of the H 3 O   +¯H   2 O and OH   −¯H 2 O dimers are effectively shrunken in comparison with the neutral H 2 O¯H 2 O dimer due the shorter O-O distance. We believe that this effect is at least partially responsible for the improvement of the slope of the fitting curves ͓parameter a in Eq. ͑4͔͒ in the above cited studies and that a similar effect can be achieved using the explicitly charge dependent cavities.
The charge dependent cavities used in this work were generated using the UAHF ͑Ref. 9͒ algorithm or its derivative UAKS. Both define the cavity as the outer surface of the set of interlocking spheres whose radii depend on the atomic charge, hybridization, and covalently bonded neighboring atoms. The UA characters come from the acronym for the united atom topological model. The hydrogen atoms do not have separate spheres in this class of solvation models and their presence is taken into account in the radius of the sphere around a heavier atom to which they are bonded. The UAHF model is widely used and predicts accurate solvation Gibbs free energies for a broad class of neutral solutes. It retains the acceptable accuracy also for ions. Its good performance in the calculation of acid dissociation constants was reported recently. 15 For the sake of completeness, we should mention that the UAHF model is not the only model of this kind, as the atomic charge dependent cavities are used also in several other solvation models. 14, 16 In a more general approach, where a probe molecule is used to construct the cavity, 17 the dependence on the charge is included implicitly. The second and more realistic model reaction which can be used to compute pK a in aqueous environment is
The standard Gibbs free energy of this reaction in an aqueous phase is determined by the equation
The acid dissociation constant is then calculated using
If the standard state with ͓H 2 O͔ = 55.5 mol/ l is used, then the last term on the right hand side of Eq. ͑7͒ is equal to zero in dilute aqueous solutions. In contrast with the approach which uses Eq. ͑1͒, ⌬G solv ‫ء‬ ͑H 3 O + ͒ is calculated in the framework of the given solvation model avoiding the use of the experimental data or fitting procedure.
In this work, mainly the first approach based on Eq. ͑1͒ is used. However, the fitting parameter a of Eq. ͑4͒ is set to the theoretical value and therefore only ⌬G solv ‫ء‬ ͑H + ͒ represented by parameter b is fitted. The second approach based on Eq. ͑5͒, which avoids the fitting procedure, is then used in combination with the best performing method to determine the systematic error originating in the calculation of ⌬G solv ‫ء‬ ͑H 3 O + ͒.
II. COMPUTATIONAL METHODS
All calculations were carried out using the GAUSSIAN 03 software package. 18 On the basis of previous studies 19 the B3LYP density functional was chosen for both geometry optimizations and single point ͑SP͒ calculations.
The core electrons of platinum ͑MWB-60͒, 20 chlorine, and sulfur ͑MWB-10͒ ͑Ref. 21͒ were described by the Stuttgart-Dresden quasirelativistic energy-averaged pseudopotentials. The 6-31+ G ‫ء‬ basis set was chosen for the geometry optimizations. The original pseudo-orbitals of Pt, Cl, and S atoms were augmented by appropriate diffuse and polarization functions ͓␣ f ͑Pt͒ = 0.980, ␣ d ͑Cl͒ = 0.618, ␣ d ͑S͒ = 0.498͔ in order to form a balanced basis set. 22 For the SP calculations we used the triple zeta 6-311+ +G͑2df ,2pd͒ basis set with pseudoorbitals of heavy elements augmented by the same diffuse functions and the following set of polarization functions: ␣ f1 ͑Pt͒ = 1.419, ␣ f2 ͑Pt͒ = 0.466, ␣ g ͑Pt͒ = 1.208; ␣ d1 ͑Cl͒ = 1.500, ␣ d2 ͑Cl͒ = 0.375, ␣ f ͑Cl͒ = 0.700;
Solvation effects were modeled by several SCRF methods. For geometry optimizations the C-PCM 23, 24 method was used, with cavities constructed using original Klamt's radii. 24 The C-PCM method allows for an efficient calculation of the first derivatives of the electronic energy with respect to nuclear coordinates. For SP calculations several different models were compared, cf. next section. The atomic partial charges were determined from the electronic density using the natural bond orbitals, NBO v. 5.0, 25 program at the B3LYP/ 6-311+ +G͑2df ,2pd͒ level of theory.
As already discussed in our previous article, the gas phase vibrational analysis was used for the calculation of the partition functions of nuclear motion, due to the numerical instabilities of the frequency calculation in continuum solvation models. The aqueous phase structures were reoptimized at the HF/ 6-31+ G ‫ء‬ level of theory, which, in contrast with B3LYP/ 6-31+ G ‫ء‬ , preserves the zwitterionic structure of amino acids. The average gas phase-solvent difference of thermal corrections to the Gibbs free energy computed for several representative systems was 9.4 kcal/mol ͑thermal corrections to Gibbs free energy in the solvent are always lower͒. The average difference correlates well with the number of degrees of freedom of a particular system, giving 0.14 kcal/mol per degree of freedom ͑neglecting the error in rotational frequencies͒ with variance as low as 0.017 kcal/mol ͑the average absolute deviation is only 10% of the mean͒. Therefore, the probable error introduced to the reaction Gibbs free energies by using the HF gas phase thermal corrections to the Gibbs free energy instead of the true COSMO corrections is approximately 1.5 kcal/mol ͑deviations in reactants and products are taken as mutually uncorrelated͒. 26 This error is expected to be lower in the calculations of pK a s due to the more systematic nature of the gas-phase solvent frequency differences, since reactants and products are represented by the same molecule differing only in protonated state.
Another source of error comes from the neglecting of the Boltzmann sampling over all local minima of a particular system, since only the global minima are taken into account in this work. This error is thoroughly discussed in our previous study, with the conclusion that it stays well under 0.5 kcal/mol.
26

III. RESULTS
A. Choice of the solvation model
To select the most suitable implicit solvation model for the calculation of pK a s of platinum-amino acid complexes, we evaluated several models using comparison of calculated pK a constants for a relevant set of molecules with experimental data. To be useful for pK a calculations, a solvation model must be able to correctly describe the solvation of both neutral and ionic species. In our case, the total charge of cisplatin compounds varied from +2 to Ϫ1. The test set consists of mono-and dihydrated cisplatin complexes cis-͓Pt͑NH 3 ͒ 2 Cl͑H 2 O͔͒ + , cis-͓Pt͑NH 3 ͒ 2 ͑H 2 O͒ 2 ͔ 2+ , cis-͓Pt͑NH 3 ͒ 2 ͑OH͒͑H 2 O͔͒ + , cysteine, methionine, water, and HCl ͑see Fig. 1͒ . Both neutral amino acids adopt similar zwitterionic forms in the aqueous environment. Their conjugate bases, however, have a different character. In the cysteine anion, the thiol group is deprotonated, whereas in the methionine anion, it is the amino group which deprotonates.
The calculated pK a s for the test set are summarized in Table I . The results in all columns except one were calculated using Eq. ͑4͒ with the constant b representing ⌬G solv ‫ء‬ ͑H + ͒ fitted independently for each method. The constant a was kept equal to its theoretical value ͓1 / ͑RT ln 10͔͒. The values of ⌬G solv ‫ء‬ ͑H + ͒ listed in Table I were obtained using the following equation:
where the term equal to 6.28 is minus the value of Gibbs free energy of the ideal gas of H + at 1 atm and 298.15 K, calculated from the Sackur-Tetrode equation. The last term of the right hand side equal to 1.89 is the numerical value of RT ln͑V M ͒, which accounts for the change in the Gibbs free energy, when pressure is changed from 1 atm to the pressure 
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Charge-scaled cavities in implicit solvent J. Chem. Phys. 131, 135101 ͑2009͒ TABLE I. pK a of reactants using various solvation models. ⌬G solv ‫ء‬ ͑H + ͒ corresponds to the fitting parameter b of Eq. ͑4͒. In the last column of the third part of the table, the pK a s calculated with the best performing method without any fitting parameter using the Eq. ͑5͒ are presented. Compound/model at which the concentration of the particles of ideal gas is equal to 1 mol/l. In practice, the calculation of ⌬G ‫ء0‬ according to Eq. ͑3͒ is split into two parts. In the first part, gas-phase B3LYP/ 6-311+ +G͑2df ,2pd͒ electronic energies ͑⌬G gas ͒ are calculated using the aqueous phase geometries. Calculations on gas-phase geometries can be omitted, since we are not interested either in the gas phase pK a s or in the true ⌬G solv ‫ء‬ . In the second part, ⌬G solv ‫ء‬ are computed using aqueous phase geometries. This way, we obtain the correct ⌬G ‫ء0‬ , even though we skipped the relaxation energy calculations, since the errors introduced to ⌬G solv ‫ء‬ and ⌬G gas cancel each other out.
The first column of Table I summarizes the pK a s obtained with the model which combines the C-PCM method with cavities constructed using the original atomic radii set proposed by Klamt and the B3LYP/ 6-311+ +G͑2df ,2pd͒ level of theory for the electronic structure calculations. The root mean square error ͑RMSE͒ of the resulting pK a s is over 5. An even higher RMSE was obtained in the study of Pliego and Riveros, 3 where the PCM method was combined with cavities constructed using sphere radii which depend only on the atomic type. Too acidic pK a s of platinum complexes were obtained when the RMSE was minimized. The general qualitative trend of pK a s for these complexes is, however, correctly reproduced. On the contrary, both amino acids are too basic and the qualitative trend is also incorrect. The biggest error is obtained for water, apparently due to the strongly underestimated ⌬G solv ‫ء‬ of the hydroxide ion. In the second column of Table I , the pK a values obtained using ⌬G solv ‫ء‬ calculated at the HF/ 6-31+ G ‫ء‬ level of theory, with the D-PCM model 30 and UAHF ͑Ref. 9͒ cavities ͑in the form implemented in GAUSSIAN 03͒ are displayed. Renormalization of the charge escaped from the cavity was done by addition of charge on the cavity surface proportionally to the value of the electronic density at this point ͑option ICOMP = 4 in the program͒. 31 HF/ 6-31+ G ‫ء‬ is the level of theory originally used for parametrization of the UAHF cavities. In the original article, 9 the 6-31G ‫ء‬ basis set is recommended for neutral solutes and 6-31+ G ‫ء‬ for ions. Since the platinum complexes and the neutral zwitterionic amino acids both already contain negatively charged groups, we decided to use the latter basis set for all compounds. Although the RMSE is substantially lower compared with the previous solvation model, the difference between the pK a s of cysteine and methionine is still about six times higher than the experimental value and large quantitative discrepancies are also present in the case of platinum complexes.
The worse performance of the model with the UAHF cavities in the case of amino acids can be ascribed to the fact that the zwitterionic structure is not recognized by the model ͑this could be a bug in our version of GAUSSIAN 03, since in the original article 9 zwitterions are explicitly mentioned͒. The inaccuracy of the pK a s of platinum complexes is not surprising, since the UAHF model was parametrized to describe the solvation of simple organic molecules and is not designed to be applied to transition metal complexes. As a consequence, the cavity built around a platinum complex does not reflect its charge distribution at all. Formal charges assigned to chemical groups recognized by the UAHF model are simply equal to
where q tot is the total charge of a complex and n is the total number of united atoms. In the first attempt to consistently broaden the scope of the original model, we used formal charges also for platinum complexes. Thus the formal charge −1e was assigned to the chloride and hydroxoligands, whereas the zero charge was assigned to the aqua and ammine ligands. The charge of the platinum atom was set to +2e. Moreover, the zwitterionic structure of the amino acid was regarded for the cavity construction. The resulting model is denoted mUAHF thereinafter. The pK a s obtained with this model are collected in the third column of Table I . Preliminary calculations revealed that the calculated pK a s are virtually independent of the sphere radius of the central platinum atom, so that the default radius of 1.377 Å was used for platinum in all subsequent calculations where the cavities were generated by any modification of the original UAHF algorithm. It can be seen in Table I that the model with cavities constructed based on the formal charges of platinum ligands gives relatively inaccurate pK a s. This is caused mainly by the highly overestimated electrostatic part of ⌬G solv ‫ء‬ of complexes, which contain the chloro-or hydroxoligands, due to the overly small radii assigned to the cavity spheres corresponding to these ligands. The overestimated ⌬G solv ‫ء‬ of deprotonated species then leads to exceedingly low pK a s of all platinum compounds and because of the fitting of the b parameter, also to the higher pK a s of the remaining molecules in the test set. On the other hand, the difference of pK a s of both amino acids is markedly closer to the experimental value, which points out the necessity of the correct assignment of the zwitterionic structure.
Since the formal charges of platinum complexes do not lead to satisfactory results, the more realistic NPA charges were introduced instead. The performance of the UAHF model for organic molecules is already satisfactory, therefore only ligands of platinum complexes were affected; other parameters of the mUAHF model remained unchanged. However, the NPA partial charges cannot be used directly since the UAHF model was parametrized using the formal charges. The proper procedure to overcome this can be conveniently explained using the example of a hydroxyl ligand of a platinum complex. The only molecule used for parametrization of the original UAHF model where the formal charge of the hydroxyl group is equal to −1e is the hydroxide anion. Obviously, the NPA charge of the free hydroxide anion is equal to Ϫ1 as well. On the other hand, several molecules containing an OH group with the formal charge equal to 0 were used for UAHF parametrization, including several alcohols and carboxylic acids. For our purposes, we chose methanol as a representative molecule and calculated the NPA partial charge of the OH group. The NPA analysis was performed on a HF/ 6-31+ G͑d͒ wave function with solvent effects described by the C-PCM model with cavities constructed using Klamt's radii. In this way, we obtained the partial charge of an OH ligand q͑=q 0 NPA ͒ = −0.35. This value was used for renormalization ͑linear rescaling͒ of NPA charges of hydroxoligands in platinum complexes. The final renormalized charge was determined from the equation:
where q NPA is the NPA charge of a hydroxoligand considered, q 0 NPA is the NPA charge of the hydroxyl group in methanol as the reference molecule ͑with zero formal charge of an OH group͒, and q −1 NPA is the NPA charge of the hydroxide anion as the reference molecule ͑with the formal charge of an OH group equal to Ϫ1͒. In this way, an OH ligand with the NPA partial charge equal to Ϫ0.35 would have the renormalized charge equal to 0 as required, and an OH ligand with the NPA partial charge of −1e would still have the renormalized charge equal to Ϫ1. The renormalization procedure preserves the linear dependence of the sphere radius on the atomic charge as an inherent property of the UAHF model. The assumption of the linear dependence of the sphere radius on the partial charge was also shown to be sufficient in the careful analysis of the solvation of oxoanions by Camaioni et al. 14 The same strategy was used for chloroligands. Chloride ion and chloromethane were chosen as the reference molecules ͑the HF NPA charge of the chlorine atom in CH 3 Cl is equal to −0.16e͒. Similarly, renormalized charges of aqua ligands were determined using an equation analogous to Eq. ͑10͒. Water and protonated methanol CH 3 OH 2 + ͑with the HF NPA charge of 0.48e͒ were used as the reference molecules. In this case, the renormalized charges have positive values. As for the ammine ligands, their sphere radius is not charge dependent in the UAHF model. The model with cavities built up on the basis of renormalized charges is labeled sUAHF. The pK a values obtained at the HF/ 6-31+ G͑d͒ level of theory and sUAHF for calculation of ⌬G solv ‫ء‬ are summarized in the fourth column of Table I . The resulting RMSE is significantly lower compared to mUAHF and slightly lower than the RMSE obtained using the original UAHF cavities.
The most straightforward way to further improve the pK a values is to use a more accurate method for electronic structure calculations. Considering the complexity and number of the systems studied, we chose the DFT method with the B3LYP functional instead of the HF method for the calculation of ⌬G solv ‫ء‬ . The NPA charges of both platinum ligands and reference molecules were recalculated using the B3LYP/ 6-31+ G ‫ء‬ method. As can be seen from Table I , the RMSE is markedly better. In comparison to the HF results, platinum complexes become less acidic, whereas amino acids become more acidic. Since all molecules are relatively small and compact, this fact can be, in a simplified way, illustrated using the multipole expansion of the reaction field. 32 In this approach, the electrostatic part of the solvation Gibbs free energy is evaluated using the multipole expansion of the electrostatic potential. Under the simplifying assumption of the spherical cavity, the first term, by which HF and DFT solvation free energies differ, is, for both ionic and neutral solutes, the term proportional to the square of the dipole moment. The dipole moments calculated by the HF and B3LYP methods are summarized in Table II. For all compounds, with the exception of cis-͓Pt͑NH 3 ͒ 2 ͑H 2 O͒ 2 ͔ 2+ , the HF dipole moments are higher than the B3LYP ones. This is not surprising, because the tendency of the HF method to overestimate dipole moments is well known ͑see Ref. 33 for an example͒. Since, for the platinum complexes considered, the higher the total charge, the lower the dipole moment, the HF method ͑in comparison to the B3LYP͒ prefers deprotonated forms and consequently predicts lower pK a s. On the other hand, for both amino acids conjugated bases have lower dipole moments than neutral forms, which results in higher pK a s within the HF approximation. To conclude, the electron correlation is very important for the proper description of the solvation of the systems studied. A similar conclusion was made by daSilva et al. in their study of the acidity of nitrous acid. 15 In the first column of the second part of Table I , the results obtained using the same method with an extended 6-311+ +G͑2df ,2pd͒ basis set are summarized. As can be seen from the table, employing the larger basis set leads to even more accurate results, with the RMSE equal to 0.74. This improvement contrasts with the conclusions of the previously mentioned study, 15 which states that the calculation of ⌬G solv ‫ء‬ of nitrous acid and corresponding ion with DFT does not benefit from extensions of the basis set beyond the 6-31+ G ‫ء‬ quality. The biggest error compared to the experimental data is obtained in the case of methionine, which corresponds to findings of other authors that amines represent a difficult task for implicit solvation models. 34 Since the difference in the RMSE obtained using the original UAHF cavities and modified sUAHF cavities was relatively small at the HF/ 6-31+ G ‫ء‬ level of theory, we checked whether the accuracy of the former also improves in combination with the B3LYP functional and the extended basis set. No improvement was obtained in this case, as can be seen in the second column of the second part of Table I . In the third and fourth columns of the second part of Table I , the pK a s calculated using UA0 cavities, the B3LYP density functional, and the 6-311+ +G͑2df ,2pd͒ basis set with the D-PCM implicit solvation method, and the integral equation formalism of the PCM model ͑IEF-PCM͒ are summarized. UA0 cavities are constructed employing the set of universal force field atomic radii 35 in the united atom model. Both D-PCM and IEF-PCM give similar RMSEs, but the D-PCM model is slightly better. The biggest error obtained in the set is caused by the too low ⌬G solv ‫ء‬ of the OH ion, similarly to the C-PCM model with cavities constructed using Klamt's radii.
In the next two columns of Table I , the results of the C-PCM and IEF-PCM methods combined with the best performing sUAHF cavities are summarized. Both methods perform somewhat worse in comparison to the best performing D-PCM variant. This is interesting, especially in the case of the relatively recent IEF-PCM model, which contains significant improvements, mainly due to the inclusion of the volume polarization of the continuum which represents a solvent. A similar result was obtained also in the study of daSilva et al. 15 The main reason for the superiority of the less sophisticated D-PCM model lies probably in the fact that the UAHF model was parametrized using D-PCM. Nevertheless, the D-PCM model performed better also with the UA0 cavities, which were parametrized on the basis of force field parameters.
All previous calculations of ⌬G solv
‫ء‬
were done using the aqueous phase B3LYP/ 6-31+ G ‫ء‬ geometry. The most important structural change between the gas and condensed phase concerns amino acids, where zwitterions are formed in an aqueous environment. We were unable to find stable zwitterionic forms of methionine and cysteine in the gas phase at the B3LYP/ 6-31+ G ‫ء‬ level of theory, on the other hand, at the HF/ 6-31+ G ‫ء‬ level of theory stable zwitterions exist in the gas phase. Since the UAHF model was parametrized using HF gas phase geometries, the possibility that gas phase geometries together with the original UAHF or sUAHF cavities give better results was also examined. The pK a s calculated are collected in the second and third columns of the third part of Table I . The accuracy of both is slightly worse than with the condensed phase geometries.
The last column of the third part of Table I contains the pK a s determined from Eq. ͑5͒ using the best performing model for the calculation of ⌬G solv ‫ء‬ ͓the B3LYP density functional, the 6-311+ +G͑2df ,2pd͒ basis set, the D-PCM solvation model with the sUAHF cavities͔. These values are only shifted by a constant from the pK a s determined by the same method and Eq. ͑1͒. But in this case, no fitting procedure was necessary. The fact that Eq. ͑5͒ with the UAHF model leads to a systematic error due to incorrect solvation Gibbs free energy of H 3 O + was already discussed by Pliego. 36 Finally, the first four columns of the fourth part of Table  I summarize pK a s calculated with the MP2 / 6-311+ +G͑2df ,2pd͒ for the gas phase SP calculations, and four solvation models previously used with the B3LYP/ 6-311+ +G͑2df ,2pd͒ method. As can be seen from the table, the improvements of the original DPCM/UAHF solvation model by the sUAHF cavity, B3LYP density functional, and the bigger 6-311+ +G͑2df ,2pd͒ basis set holds also when the MP2 method is used. The MP2 results are slightly less accurate than B3LYP ones, with the RMSE of the best performing model close to one. The factor most limiting the accuracy of MP2 results is the pK a of the HCl. ͓To address the suitability of both the B3LYP and MP2 methods for small charged Cl − anion, we computed the electron affinities ͑EAs͒ of Cl − and compared them to the experimental value. The EA obtained at the B3LYP/ 6-311+ +G͑2df ,2pd͒ level of theory is Ϫ3.63 eV, the EA calculated at MP2 / 6-311+ +G͑2df ,2pd͒ is equal to Ϫ3.47 eV ͑or Ϫ3.42 eV if the spin projected PMP2 method is used͒, and the experimental value is Ϫ3.62 eV ͑Ref. 37͒. Hence, the B3LYP method reproduces the experimental EA very well, whereas the MP2 method predicts too small ͑in absolute value͒ EA, which correlates well with the too small ͑in absolute value͒ pK a of HCl.͔
The values of the fitted ⌬G solv ‫ء‬ ͑H + ͒ differ by more than 10 kcal/mol among the methods examined. The value of Ϫ263.1 kcal/mol obtained for the most accurate combination of B3LYP/ 6-311+ +G͑2df ,2pd͒ with the D-PCM model and sUAHF cavities is about 3 kcal/mol lower than the experimental value reported by Tissandier et al. 2 On the other hand, it is relatively close to the value of Ϫ264 kcal/mol obtained using ab initio computational methods by Zhan and Dixon.
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B. Application of the method to platinum-amino acid complexes
Based on the results of the previous section we used the following method for the pK a calculations: geometry optimization at the B3LYP/ 6-31+ G ‫ء‬ level with C-PCM and original Klamt radii followed by the SP gas phase calculation using the B3LYP/ 6-311+ +G͑2df ,2pd͒ method to obtain ⌬G gas and the B3LYP/ 6-311+ +G͑2df ,2pd͒ level combined with the D-PCM model and the sUAHF cavities for the ⌬G solv ‫ء‬ determination. The platinum amino acid complexes for which the pK a calculations were performed contained reactants, intermediate products, and final products of reactions of hydrolyzed cisplatin complexes with cysteine and methionine. 26 The intermediate products are monodentate complexes arising from the substitution of an aqua ligand of a hydrolyzed cisplatin by an amino acid. The donor atom of an amino acid is either sulfur ͑see Fig. 2͒, nitrogen ͑see Fig.  3͒ , or oxygen ͑see Fig. 4͒ . The final products are chelate complexes, where a second platinum leaving ligand ͑either Cl or OH/ H 2 O͒ is replaced by one of the remaining amino acid donor atoms ͑see Fig. 5͒ . The ultimate target of the present pK a calculations is to use them for the calculation of the thermodynamic parameters of the reaction of cisplatin with cysteine and methionine in the pH range from 0 to 14. 39 To accomplish this, we calculated the pK a s of some species of minor occurrence at pH7 in order to explore the pH dependence of the studied reactions in a broader interval. One of these molecules is +1 charged cysteine. Since its experimental pK a is known, it was also used to decide which variant of the united atomic topological model should be used. Besides the UA0 version, two variants of the model called UAHF and UAKS are implemented. The UAKS model is optimized at the PBE0 / 6-31G͑d͒ level of theory, whereas the UAHF model at the HF/ 6-31G͑d͒ level. However, the cavities generated by both models are identical for all molecules used in the calculations described in the previous section. For other molecules of our interest, they slightly differ only in the radius of sp 2 hybridized oxygen with the formal charge equal to zero. The combination of the sUAHF cavities with UAKS radius for sp 2 hybridized neutral oxygen will be denoted sUAKS. In the +1 charged cysteine, all three acidic groups are protonated. Because of the presence of sp 2 hybridized oxygen this cation can serve as the test to probe the performance of both models on our systems. The pK a of +1 charged cysteine calculated using sUAHF cavities is 0.8. Using sUAKS we arrive at 1.2, whereas the experimental value is 1.7. 29 Hence, the sUAKS cavities are used in further calculations. Similarly, the pK a value of +1 charged methionine calculated using the sUAKS cavities is 1.4; the experimental value is 2.3. 29 The error for methionine is, therefore, somewhat larger but the qualitative trend is reproduced.
All platinum ligands considered except for amino acids contain only one atom different from hydrogen, so that they contribute to the molecular cavity by only one sphere. The cavity belonging to the amino acid consists of several spheres, so the methodology of the radii calculation used in the sUAHF scheme for small ligands has to be appropriately adapted. Instead of the NPA charge of a whole ligand, only the NPA charge of a donor atom is used. However, in some cases also spheres around neighboring sp 3 hybridized carbon atoms are affected, due to the nonlocal character of the equations for sphere radii in UAHF/UAKS models. Generally, the effect of rescaling is less important than for small platinum ligands, due to the screening of the concerned site by the rest of the amino acid. Further details to the application of the sUAHF model to platinum-amino acid complexes are given in the Appendix. The calculated pK a s of all examined platinum-amino acid complexes are summarized in Table III The Ϫ1 charged cysteine monodentate compounds, which are needed for the calculation of pK a s of neutral complexes, formally contain cysteine with a total charge of −2e. The free divalent cysteine anion is also needed for the calculation of the pK a of the monovalent cysteine anion. For this anion, we obtained pK a 14.5, whereas the experimental value is 10.8. 29 Regarding this result, it seems that the standard D-PCM/UAKS model is not capable of a quantitatively accurate description of solvated −2e charged cysteine, which is a relatively small, highly charged molecule. Indeed, the NPA charges of both negatively charged groups ͑deproto-nated thiol and carboxyl͒ are significantly lower than in monovalent cysteine anion. Nevertheless, in the original UAHF version formal charges of thiol and carboxyl groups are equal in both divalent and monovalent anions. Therefore, in analogy to platinum complexes, we examined the possibility of using the more realistic NPA charges. In contrast with the platinum complexes, the rescaled charge has to extrapolate from the interval spanned by partial charges of the group in the reference molecules. The NPA charges of both carboxyl group oxygens were rescaled using the same equation. To remain consistent, we used the same methodology for both Ϫ2 and Ϫ1 charged cysteine. The calculated pK a value of 12.5 is markedly better than that obtained using standard cavities. The error is somewhat higher, but in the same direction as the error obtained for the pK a of neutral methionine, where the amino group is deprotonated too. The higher error in the present case could be caused by several factors. Possibly the linear dependence of the sphere radius on the charge is not a good approximation for highly charged solutes. The effects of the nonlinear response of the dielectric continuum representing a solvent in strong fields caused by a highly charged solute could also contribute. Since the calculation with the renormalized NPA charges gives better results than with the formal partial charges, we decided to use this method for compounds which formally contain the divalent cysteine anion. This concerns the neutral monodentate complexes and +1 charged cysteine chelates. The results are labeled by the superscript NPA in Table III . For the neutral monodentate cysteine complexes, the correction turned out to be about half as important as for the free divalent anion and even less important for the neutral chelates. The decreasing magnitude of this correction follows the pattern of the decreasing absolute value of the total charge and of the increasing electron donation from cysteine divalent anion to a platinum complex. This fact nicely demonstrates that for neutral molecules or monovalent organic ions the formal partial charges ͑used in the original UAHF model͒ are a sufficient approximation of the true charge density for the purpose of generating the solute cavity.
C. Acid dissociation constants of platinum-amino acid complexes
The pK a s summarized in Table III show that the acidity of all chemical groups is highly variable between various complexes. The pK a of the platinum bonded aqua ligand ranges from 4.7 in the case of cis-͓Pt͑NH 3 ͒ 2 ͑H 2 O͒ 2 ͔ 2+ to 8.5 FIG. 5 . pK a values of chelate complexes. The complexes are ordered from the neutrally charged chelates on the top to the most +2 charged chelates in the bottom. Therefore, the pK a written next to the equilibrium arrow belongs to the complex below.
in cis-͓Pt͑NH 3 ͒ 2 ͑H 2 O͒͑Met-N͔͒ + . The unusually high pK a in the latter complex is caused by the intramolecular hydrogen bond between the aqua ligand and the methionine carboxyl group, which stabilizes the protonated form while a similar interaction is missing in the deprotonated structure. In the analogous cysteine complex ͑cis-͓Pt͑NH 3 ͒ 2 ͑H 2 O͒ ϫ͑Cys-N͔͒ + ͒, the protonated form has a similar structure, but the hydrogen bond between the hydroxoligand and the thiol group of cysteine stabilizes also the electroneutral conjugated structure, thereby reducing the pK a of the complex. The intramolecular hydrogen bond to carboxyl group also increases the pK a s of aqua ligands in both cis-͓Pt͑NH 3 The pK a of carboxyl groups falls into the range from Ϫ4.9 in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, O͔͒ 2+ to 3.0 in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ + . The very low pK a s of the cysteine 2 S , O chelate and of +2 charged 2 N , O complexes of cysteine and methionine are not surprising, because the carboxyl group is bonded to platinum in these complexes. In the cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ + complex with the pK a value from the opposite side of the range, the carboxyl group is more exposed to the solvent in comparison to free cysteine ͑cf., first structure on the third line in Fig. 5͒ and the interaction with thiol hydrogen is absent. Moreover, in the electroneutral conjugate base the cysteine ligand has the formal partial charge of −2e, which further electrostatically disadvantages the deprotonation of the carboxyl group.
The pK a s of amino groups exhibit relatively high sensitivity to the complex type and are generally very variable. For amino groups not bonded to platinum, they span the range from 14.7 in cis-͓Pt͑NH 3 ͒ 2 ͑OH͒͑Cys-S͔͒ to 8.2 in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, O͔͒ + . The main reason for the high stability of cis-͓Pt͑NH 3 ͒ 2 ͑OH͒͑Cys-S͔͒ in comparison to its conjugated base lies in the structural motif, where the protonated cysteine amino group is stabilized by intramolecular hydrogen bonds to the deprotonated carboxyl group and the platinum hydroxoligand. A similar hydrogen bonding pattern also increases the pK a value of cis-͓Pt͑NH 3 ͒ 2 ͑OH͒ ϫ͑Met-S͔͒ + and to a lesser extent also of cis-͓Pt͑NH 3 ͒ 2 Cl͑Cys-S͔͒, but interestingly not of cis-͓Pt͑NH 3 ͒ 2 Cl͑Met-S͔͒ + . The lowest pK a , obtained in the case of cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, O͔͒ + , can be attributed partially to the positive charge of the complex and partially to the fact that the charged amino group is more exposed to solvent compared to the free cysteine ͑similarly to the carboxyl group in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ + ͒. Since methionine cannot deprotonate its sulfur site, the platinum bonded amino group of methionine or the ammine ligand has to be deprotonated in neutral methionine chelates. This leads to very high pK a values of +1 positively charged methionine chelates, with values around 20.
An interesting trend was found in the case of cysteine chelate structures, which tend to prefer the neutral form of the solvent exposed group ͑the third possible donor atom, not bonded to platinum͒ in comparison to the free amino acid. This is true also for the cis-͓Pt͑NH 3 ͒ 2 ͑Cys-N, O͔͒ + complex, whose thiol group is the most basic thiol of all the molecules considered ͑pK a = 11.9͒. The most acidic thiol is found in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ 2+ ͑pK a = −4.2͒. As for the remaining thiols, the acidity of +1 charged cysteine O monodentate complexes is about 1 logarithmic unit lower than that of neutral free cysteine, whereas the acidity of thiols in neutral N complexes is about 2.5 log units higher. The latter pK a increase can be partly attributed to the high negative charge of the cysteine ligand, which in the Ϫ1 charged conjugated base counterbalances the +1 charge of the remaining platinum moiety.
IV. CONCLUSIONS
In this study, we found a well performing method for the calculation of pK a s of platinum complexes in the aqueous environment. The performance of the method was confirmed by comparison with experimental pK a values. The method employs the B3LYP density functional, 6-311+ +G͑2df ,2pd͒ basis set with Stuttgart-Dresden pseudopotentials on heavy atoms, the D-PCM solvation model, and the sUAHF or sUAKS cavity. It should be stressed that the only difference from the standard UAHF model lies in the application of the NPA partial charges for the cavity construction. These charges were rescaled to be consistent with the original parametrization. All other parameters of the original UAHF ͑UAKS͒ method remained unchanged. The RMSE of pK a values in the set of model compounds is 0.74. The performance of the procedure adopted suggests that the formal charges represent the distinct limitation of the widely used UAHF or UAKS models, and that the adoption of partial charges derived from a more realistic charge distribution into the formally similar scheme would probably lead to a significant improvement in results in cases of transition metal complexes and highly polarized or ionic molecules. In accordance with the conclusions of daSilva et al., 15 the pK a s obtained using the B3LYP density functional were more accurate than the results obtained using the Hartree-Fock approximation originally recommended for the UAHF model.
The calculations revealed that the pK a s of ionizable groups of both amino acids vary considerably depending on the type of the complex. Bonding to platinum decreases the pK a of the thiol sulfur of cysteine by as much as about 13 log units. Also, the platinum bonded carboxyl group is considerably more acidic than in free amino acids with pK a values between Ϫ3 and Ϫ5. On the other hand, specific intermolecular interactions increase the pK a s of amino groups in sulfur bonded monodentate complexes up to 14.7 logarithmic units. An interesting trend was observed in the case of cysteine chelates, where the solvent exposed ligand, which is not bonded to platinum, always prefers the neutral form in comparison to free cysteine. In the case of methionine chelates, where the more flexible structure of the longer carbon chain allows for intramolecular interactions similar to the free amino acid, such a clear trend was not observed.
The pK a values obtained in this study will be further used for calculations of thermodynamic parameters of reactions of cisplatin hydrolysis products with cysteine and methionine. These results will be reported in our subsequent article.
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APPENDIX: APPLICATION OF THE sUAHF MODEL TO PLATINUM-AMINO ACID COMPLEXES
The thiol sulfur of cysteine is generally deprotonated and, thus, negative in all sulfur bonded cysteine-platinum complexes except for cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ 2+ . The CH 3 SH and CH 3 S − molecules were used as the reference systems for the renormalization of the thiol charge. Since different parameters are used in the UAHF model for positively and negatively charged sites, a different set ͑CH 3 SH and CH 3 SH 2 + ͒ of reference molecules was used in the calculation of the radius of the positively charged cysteine sulfur in cis-͓Pt͑NH 3 ͒ 2 ͑Cys-S, N͔͒ 2+ . For the platinum bonded sulfur of methionine, we employed CH 3 SCH 3 and CH 3 ͑SH͒CH 3 + systems. Both were also used in the original parametrization of the UAHF model. The radii of spheres around carbon atoms bonded to thioether sulfur are also affected proportionally to the rescaled charge of the sulfur atom. It is worth mentioning that a negative sign before the term corresponding to a positively charged sulfur in Eq. ͑11͒ of Ref. 9 is probably a misprint. We checked that the equation with the positive sign correctly reproduces ⌬G solv ‫ء‬ summarized in Ref. 9 .
The radius of the sphere around the amino group of an amino acid is itself charge independent. Nevertheless, the charge of this group influences the radius of the adjacent sp 3 ␣-carbon. This concerns only methionine, since in the case of cysteine the radius of the ␣-carbon bonded to the neutral amino group would be lower than the threshold value for the carbon atom, which is equal to 1.5 Å. CH 3 NH 3 + and CH 3 NH 2 were used as the reference molecules for the charge renormalization to calculate the ␣ carbon radii. The radius of the sphere around carboxyl oxygen was calculated using the acetic acid and acetate as the reference. Only the charge of the oxygen bonded to the platinum atom was renormalized.
